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Morphogen gradients ensure the specification of different cell fates by dividing initially unpatterned cellular fields into distinct domains of
gene expression. It is becoming clear that such gradients are not always simple concentration gradients of a single morphogen; however, the
underlying mechanism of generating an activity gradient is poorly understood. Our data indicate that the relative contributions of two BMP
ligands, Gbb and Dpp, to patterning the wing imaginal disc along its A/P axis, change as a function of distance from the ligand source. Gbb acts
over a long distance to establish BMP target gene boundaries and a variety of cell fates throughout the wing disc, while Dpp functions at a shorter
range. On its own, Dpp is not sufficient to mediate the low-threshold responses at the end points of the activity gradient, a function that Gbb
fulfills. Given that both ligands signal through the Tkv type I receptor to activate the same downstream effector, Mad, the difference in their
effective ranges must reflect an inherent difference in the ligands themselves, influencing how they interact with other molecules. The existence of
related ligands with different functional ranges may represent a conserved mechanism used in different species to generate robust long range
activity gradients.
© 2006 Elsevier Inc. All rights reserved.Keywords: BMP signaling; Dpp; Gbb; Tkv; BMP type I receptor; Wing imaginal disc; MorphogenIntroduction
The specification of different cell types in a particular spatial
arrangement is crucial for the proper development and
functioning of organs and tissues making up multicellular
organisms. Positional information necessary for assigning
individual cell fates to an initially unpatterned cellular field is
often provided by morphogen gradients. Morphogens, or “form
giving substances”, are signaling molecules that are secreted
from localized sources and thought to form a concentration
gradient across developing cellular fields (Turing, 1952;
Wolpert, 1969). In some cases, the concentration of the
signaling molecule(s) is not graded but its activity or signaling
readout gives rise to an activity gradient. Cells respond to an
activity gradient by activating or repressing the expression of a
variety of target genes in a dose dependent manner, dividing
tissues into distinct transcriptional domains that give rise to the
specification of different cell fates.⁎ Corresponding author. Fax: +1 401 863 2421.
E-mail address: Kristi_Wharton@brown.edu (K. Wharton).
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doi:10.1016/j.ydbio.2006.03.021Secreted signaling molecules belonging to the Transforming
Growth Factor-β (TGF-β) superfamily, in particular the
members of the Bone Morphogenetic Protein (BMP) subfamily,
have been proposed to act as morphogens during patterning in
both vertebrates and invertebrates (Green, 2002). Patterning of
the Drosophila wing imaginal disc along its anterior/posterior
(A/P) axis depends on graded activation of BMP signaling
visualized by an antibody that preferentially recognizes the
phosphorylated form of Mad (pMad), the downstream effector
of BMP signaling in Drosophila (Tanimoto et al., 2000). The
BMP activity (i.e., pMad) gradient leads to the dose dependent
direct repression of BMP target gene, brinker (brk), and the
activation of three target genes, spalt (sal), optomotor blind
(omb) and vestigial (vg) in nested domains at different distances
from the A/P boundary (Lecuit et al., 1996; Nellen et al., 1996;
Campbell and Tomlinson, 1999; Minami et al., 1999;
Kirkpatrick et al., 2001). The resulting expression of these
transcription factors further establishes positional identity along
the A/P axis of the wing imaginal disc, leading to the
specification of intervein and longitudinal provein domains
(L2–L5) (Sturtevant et al., 1997). For instance, the development
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knirps-related (knrl) expression, two transcription factors, at the
anterior border of the sal expression domain within the anterior
compartment (Sturtevant et al., 1997; Lunde et al., 1998; de
Celis and Barrio, 2000; Lunde et al., 2003). Similarly, in the
posterior compartment, expression of abrupt (ab) is activated at
the boundary between omb and brk expression domains, and ab
initiates the L5 developmental program (Cook et al., 2004). On
the other hand, specification of L3, L3–L4 intervein and L4
requires direct input from both BMP and Hedgehog (Hh)
signaling pathways (Crozatier et al., 2002).
The BMP activity gradient in the wing imaginal disc has
previously been attributed to signaling by the Drosophila
BMP2/4 ortholog Decapentaplegic (Dpp) (reviewed in (Podos
and Ferguson, 1999; Tabata, 2001). As might be expected of a
morphogen, dpp is expressed in a highly localized manner, in a
stripe of cells in the anterior compartment abutting the A/P
boundary (Blackman et al., 1991). When dpp-GFP is driven by
dpp-Gal4, a graded distribution of Dpp–GFP protein can be
detected extending from the stripe (Entchev et al., 2000;
Teleman and Cohen, 2000; Gibson et al., 2002). Dose
dependent activation of sal and omb can be elicited with
ectopic expression of dpp in the wing disc, as can the formation
of a secondary axis if dpp is expressed far from the A/P
boundary (Zecca et al., 1995; Nellen et al., 1996). Curiously, the
profile of endogenous extracellular Dpp protein shows a rather
narrow distribution compared to that observed for Dpp–GFP,
especially in the posterior compartment (Gibson et al., 2002)
and it does not appear to correlate well with the BMP activity
gradient. While Dpp–GFP had shown a graded distribution
(Entchev et al., 2000; Teleman and Cohen, 2000), the
discrepancy between the endogenous Dpp profile and the
pMad, or BMP activity, profile led Teleman and Cohen (2000)
to suggest that other factors could be involved in the formation
of the wing disc BMP activity gradient. A second BMP ligand,
encoded by the glass bottom boat (gbb) gene, has been
implicated in wing patterning, and while gbb is expressed in a
considerably broader domain than dpp, clonal analysis has
shown that cells in the anterior compartment along the A/P
boundary must be wildtype for gbb function in order for the
posterior-most pattern element L5 to be properly specified
(Khalsa et al., 1998; Ray and Wharton, 2001).
Given the requirement for a second BMP in wing
development, it became important to clarify if and how
Gbb signals contribute to the BMP activity gradient. In
addition to understanding the contribution of Gbb to BMP
signaling in the wing disc, understanding the relative
contributions of Dpp versus Gbb signals to establishing the
gradient of pMad and the resulting regulation of target gene
expression is crucial for understanding the molecular
mechanisms underlying how such activity gradients are set
up to specify pattern across a developing tissue. The strong
requirement of BMP signaling for cell survival and
proliferation (Burke and Basler, 1996; Martin-Castellanos
and Edgar, 2002; Martin et al., 2004) has made the analysis
of dpp's specific contribution to patterning particularly
difficult. dpp null clones within the dpp expression domaindo not survive (Posakony et al., 1991) and eliminating dpp
expression from the larval wing disc using severe disk-region
regulatory alleles (dppd) leads to the loss of the prospective
wing blade tissue (St. Johnston et al., 1990; Masucci et al.,
1990; Spencer et al., 1982). Allelic combinations of weaker
dppd alleles and coding region mutations, dpphr, will produce
an adult wing and interestingly, they exhibit an absence of
pattern elements corresponding only to the central domain of
the wing disc (i.e., the region between L2 and L4) (Spencer
et al., 1982; Johnston et al., 1990; Masucci et al., 1990). A
comprehensive analysis of patterning defects associated with
a progressive reduction of dpp function in the larval wing
disc has not yet been reported. Such analyses have been done
on regulatory mutations in the shv-region and these alleles
clearly affect other functions for dpp, i.e., in the later
differentiation of veins and formation of the head capsule
during pupal development (Segal and Gelbart, 1985; deCelis,
1997; Stultz et al., 2005). Similarly, while the long range
requirement for gbb function in L5 specification has been
established (Ray and Wharton, 2001), the specific contribu-
tion of Gbb to the pMad gradient and specific target gene
expression has not been clear.
In this report, we show that gbb mutants exhibit a marked
reduction in both pMad levels and distribution, not only in the
posterior compartment as the phenotypic analysis would
suggest, but also in the anterior compartment. Furthermore,
we demonstrate that long range Gbb signaling from the anterior
compartment is required for the establishment of the expression
domains of two BMP target genes, omb and brk, in both
compartments, as well as the expression of the vein primordia
marker Delta (Dl) in the L4 and L5 proveins. We also report a
detailed analysis of the patterning defects associated with loss of
gbb and dpp function in single and double mutant combinations
that shows there is a difference in the effective ranges of Gbb
and Dpp in the wing disc: Dpp primarily signals to cells
relatively close to its expression domain, in the central region of
the wing disc, whereas Gbb acts over a longer distance, to
establish boundaries of target gene expression at the low points
of the gradient in both anterior and posterior compartments. A
minor contribution of Dpp to L5 patterning revealed by our
analysis was not evident in previous dpp loss of function
analyses and could implicate BMP heterodimers (Dpp–Gbb) in
some aspects of wing patterning. Taken together, our data
indicate very clearly that the wing patterning BMP activity
gradient is not composed of a single graded molecule but is
established by the differential contributions of two BMPs which
exhibit different effective ranges in the wing imaginal disc.
Materials and methods
Drosophila melanogaster strains and crosses
Flies were raised on standard cornmeal-yeast medium at 25°C. gbb1 is a null
allele and gbb3, gbb4 and gbb5I are strong hypomorhpic alleles (Khalsa et al.,
1998). dppd and dpps alleles (rearrangements of the disk and shv regulatory
regions, respectively) (Johnston et al., 1990) used in this study are: dppd5, dppd6,
dppd8, dppd14 and dppd12, listed in the order of increasing severity; and dpps4, a
strong shortvein (shv) allele. dpphr4, dpphr56, dpphr27 and dpphr92 are missense
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listed in order of increasing severity (Wharton et al., 1996). brkX47-lacZ and
omb-lacZ enhancer traps are described in (Campbell and Tomlinson, 1999) and
(Grimm, 1996), respectively. All other alleles used in this study are described in
Flybase (www. Flybase.net).
Analysis of gbb and dpp single mutants and genetic interactions
dpp mutant progeny in wildtype or gbb/+ backgrounds were generated by
crossing dppd5 gbb1/CyO, dppd6 gbb1/CyO, dppd12 gbb1/CyO, dppd5 /CyO,
dppd6 /CyO and dppd12/CyO males to dppd5 /CyO, dppd12/CyO, dpphr4 cn bw/
SM6a, dpphr56 cn bw/SM6a, dpphr27 cn bw/SM6a and dpphr92 cn bw/SM6a
females. Wings of dppmutant flies from all the crosses that produced viable Cy+
progeny were mounted in DPX mountant (EM sciences) and scored blindly for
mutant phenotypes. Wing images were collected on a Nikon FXAwith a SPOT-
RT camera (Diagnostic instruments). gbb1/gbb3 and gbb3/gbb4 mutant larvae
were generated from crosses involving w; bw gbb*/CyOGFP lines and selected
by the absence of GFP expression. gbb1/gbb3 mutant larvae in brk-lacZ
background were generated by crossing w/Y; bw gbb3/CyOGFP males to w brk-
lacZ; FRTG13 shaIN gbb1/CyOGFP females and selected by the absence of GFP
expression. dpphr4/dppd12, dpphr56/dppd12, dpphr27/dppd12, dpphr92/dppd12,
dppd8/dppd12, dppd14/dppd12, dppd6/dppd12 and dppd5/dppd6 mutant larvae
were similarly obtained by crossing w; dppd/CyOGFP and w; dpphr/CyOGFP.
Clonal analysis
Clones of genetically marked cells were generated using the FLP/FRT
system (Xu and Rubin, 1993). gbb null clones in wild type or dpp/+
backgrounds were generated by crossing w hsFLP122/Y; FRTG13 M /CyO
males to 1) y w; FRTG13 shaIN gbb1 /CyOGFP , 2) y w; dppd12 FRTG13 shaIN
gbb1/SM6a, or 3) y w; dpps4 FRTG13 shaIN gbb1 /SM6a females and wings of 1)
w hsFLP122/ y w; FRTG13 shaIN gbb1 /FRTG13 M, 2) w hsFLP122/ y w; dppd12
FRTG13 shaIN gbb1 /FRTG13 M, and 3) w hsFLP122/ y w; dpps4 FRTG13 shaIN gbb1 /
FRTG13 M flies were mounted and scored. gbb null clones in ombP1-lacZ and
brkX47-lacZ backgrounds were generated by crossing w omb-lacZ/Y; FRTG13
ubi-GFPx2 M/ CyO or w brkX47-lacZ/Y; FRTG13 ubi-GFPx2 M/ CyO males to
w hsFLP122/ y w; FRTG13 shaIN gbb1/CyO females and third instar larvae of the
genotypes w hsFLP122/ w omb-lacZ; FRTG13 shaIN gbb1/ FRTG13 ubi-GFPx2 M
and w hsFLP122/ w brkX47-lacZ; FRTG13 shaIN gbb1/ FRTG13 ubi-GFPx2 M
were dissected. Crosses were brooded every 24 h and FLP recombinase was
induced by heat-shock (37°C) for 2 h, 22–46 h after egg laying. Adult clones
were identified based on a recessive marker, shavenoid (shaIN), which removes
or reduces the trichomes on the wing blade (Lawrence et al., 1986) and clones
in the larval discs were identified by the absence of GFP expression.
Immunohistochemistry and imaging
Dissection and immunohistochemistry of wing imaginal discs was
performed using the following protocol: everted larvae were fixed in 4%
formaldehyde for 10 min, blocked in 1% Normal Goat Serum (NGS) and
0.1% Triton-X in PBS for an hour and incubated overnight at 4°C with
primary antibodies: mouse anti-Dl (1:1000) (C594.9B) (Qi et al., 1999),
guinea pig anti-Kni (1:1000) (Kosman et al., 1998), rabbit anti-PS1
(1:20,000) (Tanimoto et al., 2000), rabbit or mouse anti-β-Gal (1:3000)
(Cappel). Secondary antibodies Alexa 488, 555, 594 and 633 were obtained
from Molecular Probes and used at 1:3000. Discs were mounted in 80%
glycerol and 0.5% N-propyl gallate in PBS. Fluorescence images were
captured with a Leica TCS SP2 ABOS confocal microscope and 3-D
reconstructions of Z-sections were made using DeskVOX developed by
Jürgen Schulze in the Computer Science Department at Brown University
(http://www.cs.brown.edu/people/schulze/). The same set of confocal Z-
sections were used in all reconstructions except in Figs. 2C and D when
the sections containing Dl staining were combined with different Z-sections
containing Kni staining in the blue channel. Dl is expressed on the very
apical surface of the cell while Kni, omb-lacZ and GFP are nuclear.
Visualization of complete 3D reconstructions in a virtual environment
(CAVE) ensured that no alterations were made to the spatial patterns of Dl
and Kni by combining sections. Relative intensity profiles were obtained withMetamorph with a line of the same thickness and length across the identical
regions of the wing pouch.
Results
Gbb function is required for Mad phosphorylation in the wing
pouch
A reduction in gbb function as indicated in a variety of viable
gbb allelic combinations leads to abnormal wing morphology
with specific defects apparent in the posterior compartment,
including truncations of L4 and L5, as well as a reduction of the
L4–L5 intervein (Khalsa et al., 1998). Clonal analysis indicated
very clearly that gbb function is required anterior of the A/P
boundary for the specification of L5, given that gbb null clones
in this region lead to a failure of L5 to form (Ray and Wharton,
2001). To directly test the effect that loss of gbb function may
have on wing patterning and thus, on the BMP activity gradient,
we examined the distribution of pMad in wildtype and gbb
mutant wing imaginal discs. In both the anterior and posterior
compartments of wildtype wing discs, a graded distribution of
pMad is evident (Figs. 1A, B) with a trough of reduced pMad
levels abuts the A/P boundary and corresponds to the dpp
expression domain as previously reported (Tanimoto et al.,
2000). In gbb mutant wing discs a general lowering in the level
of pMad across the disc is evident, and consistent with our
previous phenotypic analysis (Khalsa et al., 1998; Ray and
Wharton, 2001) a marked reduction in pMad distribution is seen
in the posterior compartment (Figs. 1E, F, I, J). While the
overall distribution of pMad is less affected in the anterior
compartment compared to the posterior compartment, pMad
levels are significantly reduced in stronger allelic combinations,
(Figs. 1I, J), indicating a contribution of Gbb signaling in the
anterior compartment that had not been readily evident by the
analysis of adult phenotypes.
Consistent with changes in the pMad profile in gbb mutant
discs, we also observe that the specification of L4 and L5 is
defective, as indicated by the loss of Delta (Dl) expression,
normally expressed in the vein primordia for L3, L4 and L5 in
wild type wing discs (Biehs et al., 1998; Cook et al., 2004). The
L4 stripe of Dl expression in wildtype discs forms just posterior
to the A/P boundary, bordering but not overlapping the dpp
expression domain (data not shown) and corresponds to the
anterior border of the posterior peak of pMad (Fig. 1D).
Consistent with changes in pMad distribution, gbb3/gbb4
mutant discs show Dl L4 and L5 stripes very close to one
another often with a reduction in L5 staining (Figs. 1G, H), and
in some cases the L5 Dl stripe is lost completely (data not
shown). In the discs of the more severe mutants, gbb1/gbb3, the
L5 Dl stripe is absent in all cases (Figs. 1K, L). These findings
indicate that a reduction in gbb function affects patterning of
wing cell fates in the larval disc and that gbb function is
necessary for Mad phosphorylation as well as the proper
establishment of the full BMP activity gradient in the wing
imaginal disc. While we have previously shown that gbb plays a
later role in vein differentiation as indicated by the cell
autonomous requirement for gbb in the formation of the
Fig. 1. Loss of gbb function affects the BMP activity gradient in the wing imaginal disc. The distribution of pMad (red) and Dl protein expression (green) in the wing
pouch of third instar wildtype (A–D) and gbb mutant (E–L) wing discs indicates that upon a reduction in Gbb signaling, the extent of pMad distribution in the wing
pouch is considerably restricted, especially in the posterior compartment (right) of both gbb hypomorphic (gbb3/gbb4; E–H) and null/hypomorphic (gbb1/gbb3; I–L)
wing discs. (A/P boundary marked by black arrow in panels A, E, I, white arrowhead in panels B, F, J. Anterior is left and dorsal up in all wing disc images.) The
profiles of relative signal intensity shown for each pMad staining (A, E, I) clearly indicate the substantial loss of BMP signaling in cells of the posterior compartment of
gbb mutant discs. A reduction in the extent of signaling in the anterior compartment is apparent in gbb mutant discs with respect to the wildtype pattern (A, B), and
correlates with the severity of the gbb allelic combination (E, F; I, J). Wildtype Dl expression marks the position of longitudinal vein primordia L3–L5 (green) (C).
Consistent with the reduction in pMad distribution in gbbmutants and the expected effect such a change would have on positional information along the A/P axis, the
pattern of Dl expression in L3, L4 and L5 is compressed and weakened in gbb3/gbb4 discs (G) with a complete loss of L5 in the more severe gbb1/gbb3 discs (K). All
images at same magnification.
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Wharton, 2001), the abnormalities of Dl expression in third
instar mutant discs shown here clarifies an early role for gbb in
the initial patterning of vein and intervein territories.
Long range Gbb signaling is required for the establishment of
brk and omb expression domains and specification of L4 and
L5 primordia
BMP target genes brk and omb are known to be critical for
L5 specification (Cook et al., 2004), thus, we asked if the
expression pattern of these two genes is affected in any way by
the loss of gbb function. In wildtype wing discs, brk is
expressed in a lateral-to-medial gradient in the periphery of the
wing pouch as a result of direct repression by BMP signaling
(Campbell and Tomlinson, 1999; Muller et al., 2003) (Fig. 2A).
Loss of Mad function has been shown to be sufficient for cell-
autonomous activation of brk (Campbell and Tomlinson, 1999)
and since gbb loss of function leads to a reduction in pMad
distribution, we reasoned that in the absence of gbb we would
expect to see a de-repression of brk expression. To test this
prediction, we examined the expression of brk in gbb mutant
discs. brkX47-lacZ is an enhancer trap that recapitulates the brk
expression pattern in the wing imaginal disc (Campbell and
Tomlinson, 1999). Consistent with the reduction in pMad
distribution, brk-lacZ expression is de-repressed in bothanterior and posterior compartments in gbb mutant discs (Fig.
2B), not only in the wing pouch but also in the hinge domain. To
test whether anteriorly expressed Gbb is required to repress brk
expression, we monitored brk-lacZ expression in the presence
of gbb null clones. Large anterior gbb null clones lead to an
increase in brk expression more medially (Fig. 2C) indicating a
de-repression of brk both in the anterior and posterior
compartments. As we had observed in our gbb clonal analyses
in the adult wing, the presence of wildtype cells encompassing
the entire posterior compartment is not sufficient to rescue the
effect of losing anterior gbb function. Similarly, in the wing disc
despite the presence of wildtype Gbb in posterior compartment
cells a large anterior gbb clone results in a failure to completely
repress brk expression in wing pouch cells (Fig. 2C). This result
indicates that Gbb expressed in the anterior compartment must
be more potent than Gbb expressed in the posterior compart-
ment. Consistent with this conclusion, a disc almost completely
lacking gbb function in the wing pouch, with large clones in
both the anterior and posterior compartments, shows no obvious
visible change in brk repression (Fig. 2D). However, a clear
reduction in pMad levels is apparent when both compartments
lack gbb function. Consistent with a higher ‘potency' of the
anteriorly expressed Gbb, the presence of wild type Gbb in a
stripe of cells along the A/P boundary is sufficient to repress brk
expression within the wing pouch despite the presence of large
groups of cells lacking gbb function in both compartments (Fig.
Fig. 2. Spatial domains of brk and omb expression is dependent on gbb function, as is the specification L4 and L5. brk expression (green) extends further into the wing
pouch from the peripheral regions in a gbbmutant third larval instar wing imaginal disc (B; gbb1/gbb3) compared to its pattern in wild type (WT) (A). Clonal analysis
indicates that when anteriorly expressed gbb is removed by a large gbb null clone in the anterior wing pouch not only is brk failed to be repressed in the anterior
compartment but also in the posterior compartment (C; loss of gbb function seen as black; GFP as blue; brk as green). Consistent with the change in the brk domain,
loss of gbb function from the anterior compartment leads to a change in the pMad gradient (red), most pronounced in the narrowness of the peak of pMad just posterior
to the A/P boundary (vertical arrow). (D) While the loss of gbb function from both the anterior and the posterior compartment does not lead to a dramatic change in the
de-repression of brk (green) compared to loss of gbb function from only the anterior compartment, a clear effect on the pMad gradient (red) is evident as visualized in
both the disc and as an intensity profile. (E) The expression of wild type gbb in anterior cells running along the A/P boundary (marked by the presence of GFP, blue)
appears sufficient to restore repression of brk in both compartments and a pMad profile indistinguishable from wild type (compare to Figs. 1A, B). Wing discs shown in
panels C, D, and E were derived from the same immunohistochemistry sample and imaged using the same settings on the confocal microscope. Intensity profiles
(bottom panels) of brk (green) and pMad (red) signals were derived from the same region of each disc as indicated by the white line in the multi-channel image and the
scale of relative intensity units was kept the same to allow comparisons between discs. (G) The pattern of omb expression (red) is also altered, albeit reduced, in discs
containing gbb null clones encompassing the anterior. The wild type expression domain of omb (F) extends across the wing pouch from cells more anterior of the L2
vein primordium to the L5 primordium. Vein primordia are marked by Kni (L2) and Dl expression (L3–5) (blue; C, D). The loss of gbb function from cells in the
anterior compartment (G; absence of GFP, green) results in a reduction in the extent of omb expression in both the posterior as well as the anterior compartment of the
wing pouch. The narrower omb expression domain correlates with a loss of the L5 vein primordium and an anterior border that is closer to Kni-expressing cells (L2,
blue) (G). The specification of the L4 vein territory in the posterior also appears to be less distinct when anteriorly expressed gbb is lost. (H) The specification of the L5
vein territory is unaffected while L4 is lost in discs that have a partial reduction in dpp and gbb function (dppd12 gbb4/ + gbb5I) indicating that L5 is not sensitive to a
reduction in dpp function even in a genetic background sensitized for L5 loss. A reduction in the intensity of the posterior pMad (red) peak compared to anterior pMad
is consistent with the loss of L4 patterning. Anterior to the left, dorsal up, and magnification is the same for all images.
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gradient to an essentially wildtype profile. Clearly Gbb,
produced by the cells that overlap dpp's expression domain,
can repress brk in cells at a considerable distance from the A/P
boundary.
brk has been shown to repress omb expression in the wing
disc (Campbell and Tomlinson, 1999); therefore, we nextexamined whether the expression of omb changes in the absence
of anterior Gbb. In wildtype wing discs, the omb expression
domain occupies most of the wing pouch, extending beyond the
anterior border of the Kni L2 stripe and coincident with the Dl L5
stripe in the posterior compartment (Fig. 2F). Wing discs with
anterior gbb null clones show a reduction in the width of the omb
expression domain (Fig. 2G): the anterior edge of omb
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at some point between the L4 and L5 primordia. Dl expression in
the L5 primordium is lost as expected and is significantly
reduced in the L4 primordium. These results demonstrate that
anteriorly expressed Gbb is necessary for long range patterning
of vein territories. (We also observe that the relative sizes of the
anterior and posterior compartments is altered when only the
anterior compartment lacks gbb function, e.g., compare Figs. 2C
and D. While the process by which the relative sizes of the two
compartments is maintained is not well understood, the fact that
the loss of anterior Gbb influences cells in the posterior is
consistent with a long range function for Gbb.)
Posterior Gbb also contributes to patterning
The experiments demonstrating that anteriorly expressed
Gbb is required for patterning indicate that Gbb expressed in the
posterior compartment is not alone sufficient to specify L5, the
L4/L5 intervein or to rescue the defects in BMP target gene
expression generated by the absence of anteriorly expressed
Gbb. Is posteriorly expressed Gbb not active in patterning? Or is
anteriorly expressed Gbb simply more potent and able to attain
the necessary pMad thresholds for patterning in the absence of
posteriorly expressed Gbb? To assess the ability of Gbb
produced by posterior cells to contribute to wing patterning,
we asked whether mutant phenotypes associated with anterior
gbb clones could be enhanced by the additional removal of gbb
expressed in the posterior compartment. Wings with large gbb
clones that encompass most of the anterior and posterior
compartments (Fig. 3D) show more severe defects than wings
with only anterior clones (Fig. 3C). Specifically, wings with
both anterior and posterior clones show a significant loss of L5,
as well as defects in the patterning of L4, phenotypes never seen
in wings with only an anterior or a posterior clone. While losing
posteriorly expressed Gbb does not sufficiently lower the level
of BMP signaling below the thresholds required to pattern L4Fig. 3. Posteriorly expressed gbb contributes to patterning. (A) Darkfield image o
Longitudinal (L) veins L2–L5 are labeled. (B) A moderate gbb loss of function wing
clones in the anterior compartment lead to non-autonomous defects in the posterior co
truncation of L5. (D) Wings containing both large anterior and posterior gbb clones ex
complete loss of L5 is evident and defects in L4 specification (arrow) are also apparen
dark gray (single-sided clone) or black (double-sided clone) in these darkfield imagand L5, it is clear that the loss of both the anteriorly and
posteriorly expressed pools of Gbb compromise BMP signaling
more significantly than the loss of the anterior pool alone.
Consistent with the increased loss of pattern elements in wings
derived from discs with both anterior and posterior clones, the
levels of pMad and its profile are altered in discs containing
both anterior and posterior clones compared to those containing
only an anterior clone (Figs. 2C, D). The enhanced loss of
pattern elements seen in wings containing both an anterior and
posterior clone, as well as the decrease in the pMad profile in
such wing discs indicates that Gbb expressed in the posterior
compartment is active in signaling and suggests that it plays a
role in patterning.
Development of the adult wing involves first the patterning
or specification of vein territories during the larval period
followed by the differentiation of the vein and intervein tissue
during the pupal period. We have previously shown that Gbb
expressed by posterior cells is active in vein differentiation
based on the fact that posterior gbb clones result in the cell
autonomous loss of the PCV and distal L5 (Ray and Wharton,
2001). We have seen no indication that the loss of posterior Gbb
alone affects L4 differentiation. But while the process of vein
differentiation itself has never been shown to be dependent on
signaling in the larval disc, it is conceivable that the loss of
anteriorly expressed Gbb early in the larval period could
somehow sensitize the cells of the L4 provein territory such that
the absence of Gbb expression in the posterior compartment
affects the ability of L4 cells to undergo differentiation, in
which case the adult wing phenotype of the double gbb loss of
function clones would represent a novel phenotype resulting
from a compromised differentiation process and not necessarily
a failure to formerly pattern L4. The pMad peak that is
coincident with the position of the L4 primordium just posterior
to the A/P boundary (Fig. 1D), is significantly narrowed in discs
with double anterior and posterior clones (Fig. 2D) compared to
discs with anterior clones alone (Fig. 2C). This significantf a wildtype venation pattern in a wing with no gbb loss of function clones.
phenotype, gbb1/gbb4 raised at room temperature. (C) Large double-sided gbb
mpartment. Here, such a clone shows a narrowing of the L4–L5 intervein and a
hibit a more severe patterning defect than a clone in either compartment alone. A
t. Clones are marked by the absence or reduction of the trichomes (sha) visible as
es (C, D).
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may be necessary to attain the required threshold for L4
patterning. We conclude that the loss of L4 in the double
anterior and posterior gbb clone wings must result from a defect
in patterning based on data from other experiments as well. For
example, the failure of weak allelic combinations of gbb to
produce an L4 vein (given that Dl expression in the larval wing
disc L4 primordium is lost) when in combination with dpp is
clearly due to failure to specify L4 during the larval period long
before the differentiation of vein cells in the pupae, hence, a
defect in L4 patterning (Fig. 2H). Therefore, the severe
phenotype of wings derived from discs with anterior and
posterior gbb clones is indicative of an activity for posteriorly
expressed Gbb in patterning the larval wing imaginal disc.
Relative contributions of Dpp and Gbb to wing patterning
Our results to this point clearly indicate that Gbb contributes
to the BMP activity gradient that influences wing patterning,
and that alone, Dpp is not able to establish a long range
signaling gradient. Thus, what are the specific capabilities of
Dpp in patterning and what is its contribution to the pMad
gradient? Reducing dpp function clearly affects pattern
elements in the central region of the wing, i.e., L2 in the
anterior compartment and L4 and L4–L5 intervein in the
posterior compartment (Gelbart, 1989; Ray and Wharton,
2001). If Dpp was alone responsible for the gradient, we may
have expected that the first pattern elements to be affected by a
reduction in Dpp levels would be those that require a low level
of signaling for their specification, such as L5. A role for dppFig. 4. dpp loss of function affects central cell fates but not L5. (A–G)Mutant wings o
phenotypic strength. Black arrows point to defects in patterning of L2 (C–E), L4 (
expression during patterning in the larval wing imaginal disc show a defect in L5 spe
dramatic reduction in size. All images are captured at the same magnification.function in L5 patterning has never been documented, thus, we
made use of a series of different dpp allelic combinations to
systematically test the patterning consequences of reducing dpp
levels to differing degrees on the specification of specific veins
across the wing pouch (Fig. 4). The patterning defects found
include: truncations or complete loss of L2 in the anterior
compartment, truncations of L4, and reduction to complete loss
of the L4–L5 intervein (Figs. 4A–F). The pattern elements most
sensitive to a reduction in dpp function are the L4–L5 intervein
and L2 vein, as these are defective even in the weakest dpp
allelic combinations examined (i.e., dppd5/dpphr4 and dppd5/
dpphr56) (Figs. 4A–D). As the allelic strength increases, more
severe defects are consistently present, such as proximal fusion
of L4 and L5 and partial to complete loss of L2 and L4, resulting
in wings with only two veins, L3 and L5 (identified by the
presence of sensilla campaniformia on L3, as well as by the
ridge formed by L3 and L5 on the wing's dorsal surface) (i.e.,
dppd6/dpphr4) (Figs. 4D, E). A further increase in allelic
strength (dppd6/dpphr27) leads to the loss of pattern elements
accompanied by a significant reduction in wing size (Figs. 4F,
G), but never a loss of L5. Further reductions in dpp levels (i.e.,
dppd6/dpphr27 and dppd6/dpphr92) produce wings that resemble
the wings of dppd/dppd allelic combinations where the
proliferation requirement obscures the identification of pattern-
ing defects (Figs. 4H, I).
Given that L5 specification is highly sensitive to the loss of
gbb function and that a reduction in gbb function leads to a
reduction in pMad levels in the region of the posterior
compartment where L5 forms, we were surprised to see that
none of the dpp allelic combinations tested had defects in L5. Itf various dppd/dpphr allelic combinations shown in order of increasing allelic and
B, E) and the L4–L5 intervein (A–D). No allelic combinations that affect dpp
cification. (H, I) Two representatives of dppd/dppd mutant wings that result in a
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uncover a potential patterning function in L5 specification.
Therefore, we examined imaginal discs derived from stronger
dpp allelic combinations for the expression of Dl and Kni (data
not shown). In wing discs from a number of lethal dppd/dpphr
combinations, as well as several viable and lethal dppd/dppd
allelic combinations, including those with no detectable dpp
expression in the wing discs (i.e. dppd12/dppd14) (Lecuit et al.,
1996), the wing pouch was reduced to essentially a D–V
margin, with no detectable expression of Dl and Kni in the vein
primordia, even in the weakest lethal combinations tested (i.e.
dppd12/dpphr56). The absence of all vein primordia in these
mutants is most likely associated with dpp's role in cell
proliferation and cell survival, not wing patterning.
In an attempt to get around the dpp requirement for cell
survival, we blocked apoptosis in several dppd/dppd mutant
animals, by overexpressing p35, a baculoviral gene product that
inhibits caspase activation (Bonini and Fortini, 1999), but found
that the additional requirement for dpp in proliferation still
resulted in very small discs. Even though we were not able to
analyze the severe dpp mutants for patterning defects, at the
very least our analyses of both the adult wing and the larval
wing discs indicate that L5 specification is not sensitive to a
severe reduction in dpp function.
Strikingly, the region of the wing disc from which anteriorly
expressed gbb is required for patterning is the same region
where dpp is expressed. Given that both Drosophila and
vertebrate BMPs are able to form heterodimers when
coexpressed (Israel et al., 1996; Kusumoto et al., 1997; Suzuki
et al., 1997), it is possible that Dpp and Gbb can form
heterodimers in vivo and that the difference between anteriorly
expressed and posteriorly expressed Gbb could be explained by
a difference in activity of Gbb–Dpp heterodimers versus Gbb–
Gbb homodimers. More specifically, if ‘stripe’Gbb (that pool of
Gbb that is co-expressed with Dpp) forms exclusively hetero-
dimers (Dpp–Gbb) then we would have expected the patterning
of L5 to show similar sensitivity to a reduction in Dpp as seen
with a reduction in Gbb. Of course, it is possible that if ‘stripe’
Gbb were at very low levels, the reduction in Dpp levels
necessary to see an effect may not be possible experimentally,
given the requirement for cell proliferation and survival.
However, Gbb does not appear to be expressed at particularly
low levels in the wing imaginal disc based on RNA in situ
hybridizations and antibody staining (Khalsa et al., 1998).
Alternatively, it is possible that only a small portion of ‘stripe’
Gbb forms heterodimers, or that some of the heterodimers
signal at long range to pattern L5 while considerably more
Gbb–Gbb homodimers emanating from the ‘stripe’ contribute
to L5 patterning.
To learn more about the relative contributions of Dpp and
Gbb to patterning and in an attempt to uncover the possibility of
Dpp–Gbb heterodimer formation in vivo, we reasoned that if
the relative levels of the two BMPs, Dpp and Gbb, are severely
skewed and the level of Gbb available for signaling is somehow
compromised, it may be necessary to sensitize the genetic
background to reveal the roles of Dpp or Gbb for different
functions. We analysed the effect of reducing the level of oneligand in a genetic background that is already compromised for
the function of the other. These experiments show that reducing
gbb gene dosage in dpp mutants (i.e., dppd5 gbb1/dpphr56 +)
leads to an enhancement of all dpp loss of function phenotypes
(Figs. 5A–C). We observe an increase in the fraction of wings
with L2 or L4 defects and/or a more severe reduction of the L4–
L5 intervein, indicating that Gbb contributes to all Dpp-
mediated patterning functions. We next introduced into a weak
gbbmutant background a strong dpp disk allele (dppd12), which
shows an absence of dpp expression along the A/P boundary in
the wing imaginal disc and allows us to specifically address the
reduction of dpp gene dosage in its patterning function versus
its role in vein differentiation. This reduction in the level of dpp
(dppd12 gbb4/ + gbb5I) led to a significant enhancement of L4
loss, typical of that seen in dppd allelic combinations indicating
that gbb contributes to the patterning of L4 (Fig. 5D).
Consistent with a role in patterning, wing discs of this genotype
often show a lack of Dl staining in the L4 primordium (data not
shown, S. DiSalvo and K.Wharton) verifying that patterning L4
in the larval wing disc depends on the activity of Gbb.
Interestingly, while L5 specification is not affected in the
dpp5 gbb1/dpphr56 + mutants, a very small percentage (3%) of
the dppd12 gbb4/ + gbb5I adult progeny show an enhancement
of the failure to specify L5 vein fates (Fig. 5D). Many more
(28%) show an enhancement of L4 vein loss, consistent with the
idea that dpp contributes much less effectively to L5 patterning
than it does to L4 patterning. These experiments have been
performed with other gbb and dpp allelic combinations and very
similar results were obtained indicating that the patterning
changes are not allele and/or genetic background specific. Thus,
the fact that L4 patterning is affected more frequently than L5
patterning when dpp dosage is reduced in a gbb mutant
indicates that the contribution of dpp to overall patterning
decreases as a function of distance from the A/P boundary.
A potential role for Gbb–Dpp heterodimers in patterning
As pointed out above, the coincidence of the focus for gbb's
long range function with dpp's expression domain raises the
intriguing possibility that Gbb–Dpp heterodimers could mediate
the long range function of gbb. Furthermore, the fact that gbb
also plays a role in patterning L4 and the L4–L5 intervein is
consistent with a function for heterodimers, as is the contribu-
tion, albeit minimal, of dpp to L5 patterning. If heterodimers are
indeed important in patterning, then reducing the dosage of dpp
in the complete absence of anteriorly expressed Gbb should not
lead to a worsening of the L5 patterning defect associated with
anterior gbb null clones. An anterior gbb clone encompassing the
dpp expression domain would not only eliminate Gbb homo-
dimers but also any potential heterodimers given that hetero-
dimer formation occurs intracellularly and thus, depends on
expression of both family members in the same cells. Therefore,
if Dpp–Gbb heterodimers are critical for L5 patterning then a
reduction in Dpp levels in the absence of Gbb should have no
further defects in L5 patterning. If however, Dpp homodimers
contribute to L5 patterning, then reducing dpp dosage should
enhance the L5 defect in wings with anteriorgbb clones. gbb null
Fig. 5. Relative contributions of gbb and dpp to patterning of different elements along the A/P axis. (A–C) All patterning defects (arrows) associated with the relatively
weak dpp allelic combination, dppd5/dpphr56 are enhanced by a reduction in gbb gene dosage (dppd5 gbb1/dpphr56+). This reduction in gbb gene dosage leads to an
increase in the penetrance of the L2 defect (A), the very low frequency L4 defect (B), and the partial fusion of L4 and L5 (C) normally observed in dppd5/dpphr56 at the
indicated percentages. (D) The loss of dpp disc (dppd) function results in an strong enhancement (28%) of the loss of L4 specification and a small enhancement (3%) of
L5 specification defects (both defects seen in wing on right) normally apparent in weak gbb loss of function genotypes, i.e., gbb4/gbb5I (wing shown on the left).
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enhancement of L5 patterning defects were seen (Figs. 6A, B).
gbb clones of similar size and position to those obtained in a
wildtype background were compared in this analysis and the
resulting phenotype in all cases is indistinguishable from the
effect of an anterior gbb clone in an otherwise wildtype
background on the specification of L5. On the other hand,
reducing dpp levels shows a clear increase in the loss of L4–L5
intervein cell fates, a defect normally associated with anterior
gbb clones in a wildtype background (Figs. 6C, D). The
enhancement of the L4–L5 intervein defect indicates that Dpp
homodimers must contribute to the specification of the L4–L5
intervein. To confirm that these interactions specifically reflect
requirements for Gbb and Dpp in patterning and not vein
differentiation, we carried out similar experiments using a strong
shv-regulatory allele (dpps4/+) that specifically affects the late
function for dpp in vein differentiation. As expected, reducing
dpp gene dosage for this later function does not enhance any of
the phenotypes associated with anterior gbb clones (data not
shown).
Taken together, our findings provide evidence that Dpp
requires Gbb function for its contribution to L5 patterning. This
requirement suggests that the contribution of Dpp to L5
patterning is likely to be via heterodimers. Given that the
specification of L5 is not particularly sensitive to the loss of
Dpp, these heterodimers likely represent a very small
percentage of the total Dpp pool. In contrast, L4–L5 intervein
patterning is sensitive to a reduction in Dpp and it is clear that
Dpp homodimers influence the levels of signaling required for
the specification of this cell type.
Discussion
Dpp and Gbb have different effective ranges in the wing disc
The work presented here shows the direct requirement for
Gbb in the formation of the pMad activity gradient and theFig. 6. In the absence of anterior gbb function, dpp does not enhance the loss of L5. (A
(black arrow) and L5 (white arrow). (B, D) Reducing dpp gene dosage (dppd12/+) in a
to A), but clearly enhances the L4–L5 intervein phenotype (D, compare to C). (A–D)
clones. Anterior gbb clones in a dppd12/+ background (B, D) are comparable in possubsequent establishment of different domains of BMP target
gene expression, both critical steps for laying down adult wing
pattern. Our results show that the relative requirements for Gbb
and Dpp in patterning changes as a function of distance from the
A/P boundary, even though the source cells for both Gbb and
Dpp appear to be in the same region of the wing imaginal disc
(just anterior to the A/P boundary). In other words, the two
ligands exhibit different effective ranges (Fig. 7).
Specifically, in terms of patterning different domains of the
wing disc, we show here that both Dpp and Gbb are required to
pattern elements in the central domain on either side of the A/P
boundary, however, Dpp's contribution is stronger given that
pattern elements in this domain are more sensitive to the loss of
dpp function (Fig. 4). The contribution of Dpp to the posterior-
most cell fate L5 is minimal and is only revealed when gbb
function is compromised (Fig. 6). Despite the reduction in
pMad levels apparent in gbb mutants (Fig. 1), Gbb's
contribution to the central domain is not as strong as that of
Dpp and is best revealed when dpp function is somewhat
compromised (Figs. 5A–C).
On the other hand, Gbb is absolutely required for the
establishment of target gene expression domains that are
farthest away from the A/P boundary in both compartments
(Fig. 2). The posterior-most pattern element L5, whose
specification depends on subsequent juxtaposition of target
genes omb and brk, is not sensitive to the loss of Dpp function in
the presence of Gbb but only when gbb function is severely
compromised (Fig. 5D). We must conclude that Gbb is also
required for BMP signaling in the anterior-most domain based
on the fact that pMad levels, apparent by its profile in this region
is reduced in gbb mutants (Figs. 1, 2) and that the expression
domains of brk and omb in the anterior compartment are altered
in both gbb null clones and gbb mutant discs (Fig. 2). No
specific adult wing pattern element corresponding to the
anterior compartment brk/omb expression boundary is known,
unlike that known for the posterior brk/omb boundary (L5),
thus, defects in this domain had not been previously recognized., C) Anterior gbb clones show defects in the specification of the L4–L5 intervein
ssociation with an anterior gbb clone fails to enhance the loss of L5 (B, compare
Darkfield images of wings enables clear visualization of the shamarked gbb null
ition and size to gbb clones shown in A, C.
Fig. 7. Dpp and Gbb exhibit different effective signaling ranges in the wing imaginal disc. A model showing the graded distribution of pMad (purple line) across the
wing pouch with respect to the A/P boundary (gray line) of a wildtype wing imaginal disc with the relative positions of primordia for longitudinal veins L2–L5 shown
as green bars based on the theoretical pMad thresholds for the establishment of various gene expression domains depicted below the wild type pMad profile: dpp (red),
sal (violet), omb (blue) and brk (orange). The relative contributions of Dpp–Dpp (red), Dpp–Gbb (red/blue) and Gbb–Gbb (blue) signaling to the pMad gradient and to
patterning are shown by arrows. Anteriorly expressed Gbb functions as a longer range signaling molecule than Dpp–Dpp and is required to organize brk and omb
expression domains in both anterior and posterior compartments. While the molecular nature of the anteriorly expressed Gbb is not clear, our genetic data is equally
plausable with it being (1) exclusively in the form of Dpp–Gbb heterodimers (red and blue double arrows) or (2) predominantly Gbb–Gbb homodimers (large blue
arrows) with a small contribution from Dpp–Gbb heterodimers (see text for further discussion). Gbb homodimers secreted from the posterior compartment also have a
minor role on L5 patterning (small blue arrows). Middle panel. Changes to the pMad profile and subsequent patterning defects are shown for dpp mutant discs and
bottom panel, discs containing an anterior gbb null clone. Middle panel. A reduction in dpp levels leads to defects in L2 and L4 patterning due to a lowering in pMad
below the necessary threshold for ultimate vein specification. Bottom panel. When gbb function is lacking from the anterior cells, the distribution of pMad is narrowed
affecting the threshold necessary for L5 patterning but not enough to lose L2. Gbb–Gbb produced by posterior cells boosts the level of pMad at its highpoint such that
L4 is patterned properly. If gbb function is also lost from the posterior cells, L4 fails to be patterned.
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spots of ectopic vein and less well defined L2 veins in gbb
mutant wings and such abnormalities, albeit minor, could reflect
a reduction in pMad levels that is normally necessary to
establish the threshold for sal expressing versus sal non-
expressing cells, and hence, L2 specification. Altogether, our
findings reveal that while Dpp's contribution to patterning is
very strong in the central or medial region, it diminishes rapidly
as one moves away from the dpp expression domain towards the
end points of the gradient. In contrast, Gbb's contribution to the
gradient becomes increasingly important as a function of
distance from the A/P boundary (Fig. 7).
Interestingly, proliferation in the wing disc has recently been
linked to the slope of the BMP activity gradient (Rogulja and
Irvine, 2005). Manipulations in the slope of the gradient were
accomplished by the spatial and temporal misexpression of
activated Tkv (TkvQ253D) across the wing disc. Given that Dpp
and Gbb signals are both mediated by Tkv, the specific
contributions of Dpp signaling and Gbb signaling to prolifer-ation cannot be gleaned from this study as yet. However, in light
of our results, it will be particularly interesting to determine if
the relative contributions of Dpp signaling and Gbb signaling to
proliferation mirrors their roles in patterning. Certainly, we have
long known that loss of Dpp has profound effects on medial disc
growth (Posakony et al., 1991). And it is particularly interesting
that the coordinated growth of the anterior and posterior
compartments is disrupted in discs that contain a large anterior
gbb clone. Given the important role of anteriorly expressed Gbb
in patterning posterior cell fates, we can speculate that the
absence of anteriorly expressed Gbb also has a profound effect
specifically on the proliferation of posterior cells where Dpp
appears to play little role.
Possible mechanisms for range difference
What is the molecular basis for the difference in effective
range between Gbb and Dpp? The possibility that Gbb acts in a
different manner than Dpp, for example, indirectly via a relay-
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the same BMP signaling components in the wing disc, including
the type I receptor Tkv, which has been shown to be directly
required for pMad-mediated signaling in general, as well as for
the expression of downstream target genes in all cells of the
wing imaginal disc (Nellen et al., 1996; Singer et al., 1997;
Khalsa et al., 1998; Tanimoto et al., 2000; Bangi and Wharton,
submitted for publication); 2) gbb loss of function leads to the
loss of pMad, a direct read-out of BMP signaling; and 3) loss of
gbb results in the inappropriate expression of brk, a target gene
shown to be directly repressed by BMP signaling (Muller et al.,
2003). Thus, the differences in ligand range exhibited by our
dpp and gbb functional studies must reflect specific properties
of each ligand.
The relatively short functional range of Dpp is consistent
with the observed graded, albeit narrow distribution of
endogenous Dpp protein emanating from the A/P boundary in
the wing imaginal disc (Gibson et al., 2002). The minimal
contribution of Dpp to patterning distant cell fates may simply
reflect the inability of Dpp protein to reach these cells,
especially evident in the restricted distribution of Dpp in the
posterior wing pouch. Interestingly, extracellular Dpp–GFP
appears to be distributed more broadly than endogenous Dpp
and has been proposed to better coincide with pMad distribution
(Belenkaya et al., 2004). This broader distribution likely reflects
the overexpression of Dpp–GFP using the Gal4–UAS system.
Even though in most cases Dpp–GFP has been expressed in
dpp's endogenous domain via dpp–Gal4, the high level of
Dpp–GFP at the ligand source could lead to a saturation of
factors (i.e., Tkv and/or Dally) that are critical for regulating the
range of Dpp, resulting in a broader distribution throughout the
wing disc and subsequent activation of BMP signaling.
Consistent with the idea that the effective range of Dpp is
sensitive to Dpp levels at the source, we have previously shown
that increasing dpp gene dosage can rescue patterning defects
associated with anterior gbb clones (Ray and Wharton, 2001).
This finding indicates that when the level of dpp expression is
experimentally increased above its endogenous level, Dpp can
reach the cells at the posterior end of the gradient and rescue the
loss of L5. However, the fact that anterior gbb clones have L5
defects per se indicates that at endogenous levels, Dpp must not
be able to reach these cells, or not at sufficiently high levels to
pattern L5.
Unlike Dpp, the distribution of Gbb does not mirror its
functional or effective range. Given that the expression of both
ligands is required from the same region of the wing disc and
that they both act directly at the level of Mad phosphorylation,
how is it that the contribution of Gbb to the activity gradient
increase as one moves away from its source while the
contribution of Dpp decreases? Both functional evidence and
mathematical models of gradient formation point to the
importance of receptor–ligand interactions in regulating the
signaling range of a ligand (Kerszberg and Wolpert, 1998;
Lecuit and Cohen, 1998; Lander et al., 2002). Thus, a simple
explanation for the range difference between Gbb and Dpp
could be their different affinities for a receptor. Functional
evidence indicates that in wing development both Gbb signalingand Dpp signaling are mediated by the type I receptor Tkv
(Nellen et al., 1996; Singer et al., 1997; Khalsa et al., 1998;
Tanimoto et al., 2000; Bangi and Wharton, submitted for
publication). Dpp and Tkv have been shown to exhibit a high
affinity binding interaction, as have the vertebrate Dpp
orthologue BMP2 with Tkv (Penton et al., 1994). Gbb competes
poorly or not at all with BMP2 for Tkv binding, suggesting that
Gbb has a lower affinity for Tkv (Penton et al., 1994). Given the
binding preference of Tkv for Dpp versus Gbb, we expect that at
comparable ligand levels, Dpp should be a more potent
signaling molecule than Gbb since more of the Tkv receptor
complexes would be occupied by Dpp than Gbb at any given
time. Therefore, in the wing disc near the Dpp source, a high
affinity interaction between Dpp and Tkv would allow for a
high level of signaling to be achieved but at the same time this
interaction would restrict the range of Dpp, limiting the
contribution of Dpp to patterning elements in the central region
of the wing. On the other hand, the low affinity interaction
between Gbb and Tkv would allow Gbb to extend further from
the ‘stripe’ domain than Dpp and result in a lower level of BMP
signaling that extends beyond the domain of high level
signaling.
The expression profile of Tkv in the wing disc is consistent
with its possible role as a critical determinant of the range
difference between Gbb and Dpp. For instance, tkv expression is
higher in the posterior compartment (Tanimoto et al., 2000)
where Dpp protein shows a very restricted distribution and a
short functional range. Similarly, the somewhat lower level of
Tkv expression in the anterior compartment may allow for a
broader distribution of the Dpp protein and its relatively longer
effective range. Gbb has a longer effective range than Dpp in
both compartments and at any expression level, Tkv would be
expected to interfere with Gbb distribution less so than Dpp
distribution. Increasing Tkv levels in the wing disc leads to a
decrease in the functional ranges of not only Dpp but also Gbb
in a dose dependent manner consistent with their relative
affinities for Tkv (Bangi and Wharton, submitted for publica-
tion). A second type I receptor, Sax, plays a minimal role in
mediating BMP signaling in the wing imaginal disc and is not
absolutely essential for patterning (Ray and Wharton, 2001;
Bangi andWharton, submitted for publication). sax is uniformly
distributed in the wing disc and it is not yet clear if or how Sax's
distribution could impact ligand movement.
While the ligand–receptor affinity model is consistent with
ligand loss of function phenotypes and could potentially
account for the range difference on its own, there are likely to
be other factors that contribute to the differential ranges of these
BMP ligands. Differential proteolytic cleavage of the BMP
proprotein and ligand interaction with extracellular proteins
have both been implicated in modulation of ligand range (Cui et
al., 2001; Ohkawara et al., 2002). Considerable support has
accumulated recently for the involvement of extracellular
matrix (ECM) components as molecules able to influence the
distribution and activity of TGF-β-type ligands. A differential
affinity for these components could certainly modulate ligand
ranges. The N-terminal region of mature BMP ligands exhibits
high affinity heparin binding (Ruppert et al., 1996) and some
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interact with the negatively charged glycosaminoglycans
(GAGs) of proteoglycans (Ohkawara et al., 2002; Takada et
al., 2003). This interaction has been proposed to facilitate the
signaling activity of ligands but at the same time to restrict their
diffusion. Deletion of three of these basic amino acids from
BMP4 decreases its affinity for ECM proteins, increasing its
range of action (Ohkawara et al., 2002). Interestingly, these
basic residues are not present in ActivinB or TGF-β2, both of
which have been proposed to be highly diffusible. Dpp has a
higher number of basic residues in this region than Gbb and it is
possible that Dpp has a higher affinity for HSPGs in the ECM,
hindering its movement across a tissue and restricting its range.
Interestingly, Drosophila Heparan Sulfate Proteoglycans
(HSPGs), the dally and dally-like (dlp) gene products are
required for Dpp–GFP movement, as dally-dlp double mutant
cells show no movement of GFP (Belenkaya et al., 2004).
While HSPGs are required for Dpp movement, a high affinity
interaction with the ECM could also conceivably restrict the
ultimate range of the ligand consistent with the finding that high
affinity interactions with ECM components limits the range of
vertebrate BMPs (Ohkawara et al., 2002). While a lower affinity
interaction with HSPGs remains to be experimentally tested, it
could contribute to the longer functional range of Gbb. If,
indeed, Gbb and Dpp exhibit a difference in the relative affinity
for HSPGs it will be interesting to test how this impacts ligand
distribution and function.
Potential role of heterodimers in patterning
Several lines of evidence indicate that Gbb expressed in the
dpp expression domain has unique properties compared to both
Gbb expressed further anterior to this domain and Gbb
expressed in the posterior compartment. First, removal of gbb
function from just a stripe of cells along the A/P boundary gives
a patterning phenotype only mildly enhanced by the removal of
gbb from the entire anterior compartment (Ray and Wharton,
2001). Second, the presence of cells expressing wildtype Gbb
along the stripe is sufficient to achieve an essentially wild type
brk expression pattern despite the absence of gbb expression in
both anterior and posterior compartments (i.e., Fig 2D). These
results indicate that Gbb expressed outside the ‘stripe’ (either
further anterior or posterior) is not sufficient for full patterning
in the absence of gbb expressed within the dpp expression
stripe. Furthermore, the fact that Gbb expressed in the ‘stripe’ is
absolutely necessary for patterning indicates it contributes more
to the patterning process and may represent a more potent ligand
than the other pools of Gbb. Previous reports suggest that BMP
heterodimers are more potent signaling molecules than their
respective homodimers (Israel et al., 1996; Kusumoto et al.,
1997; Suzuki et al., 1997; Shimmi et al., 2005) and a simple
explanation for our results could be that ‘stripe’ Gbb actually
represents more potent Gbb–Dpp heterodimers.
If indeed the long range patterning function of Gbb is
achieved by Gbb–Dpp heterodimers, how can the marked
difference in the sensitivity of the low points of the gradient
(e.g., L5) to gbb and dpp function be explained? If, however,‘stripe’ Gbb exists as a homodimer, then what makes these
Gbb–Gbb homodimers different from those expressed outside
the stripe? Here, we discuss two models that explain our
observations.
Heterodimers as the sole long range patterning molecules
This model posits two ligand dimer species coming from the
stripe: (1) Dpp–Dpp homodimers, which mediate the shorter
range functions of Dpp in patterning the central domain cell
fates, and (2) Gbb–Dpp heterodimers that mediate the long
range functions of Gbb at the low points of the gradient. If
heterodimers are the only source of long range function, why is
L5 not sensitive to the loss of Dpp but very sensitive to a small
reduction in Gbb? It is conceivable that while all of the
anteriorly expressed Gbb exists in the form of Gbb–Dpp
heterodimers, the heterodimers constitute a very small fraction
of the total Dpp pool. If this is the case, even when Dpp levels
are considerably reduced, it is possible that the level of the
Gbb–Dpp heterodimers will not be reduced. Furthermore, very
little is known about the regulation of ligand dimerization or
what factors control the formation of different ligand types. The
presence of Dpp–Gbb heterodimers or for that matter Dpp or
Gbb homodimers in particular has not been determined in vivo.
Given the interchangeable signaling abilities of Dpp and Gbb
when overexpressed, it will be necessary to investigate the
relative levels of homodimers versus heterodimers at endoge-
nous ligand levels.
Gbb homodimers as the primary long range patterning
molecules
Another model would implicate three dimer types with the
majority of ligands either Dpp–Dpp or Gbb–Gbb homodimers
and Dpp–Gbb heterodimers forming at very low levels despite
the overlap in gbb and dpp expression domains in the wing disc.
If Dpp–Gbb heterodimers have an intermediate range between
the long distance acting Gbb–Gbb homodimers and the short
acting Dpp–Dpp homodimers, then we would expect Dpp–Gbb
heterodimers to contribute more significantly to specification of
cell fates closer to the center of the wing and less so to the more
distant points of the gradient, such as the presumptive L5
primordium, where relatively low levels of the heterodimers
could reach. Even though a very small quantity of such
heterodimers could reach those cells, the proposed high potency
of heterodimers made it possible to detect a contribution of Dpp
to the specification of L5 cell fates.
If on the other hand, heterodimer formation is not
responsible for the difference in potency observed between
the different pools of Gbb, is it possible that some other factor
regulates the activity of the ‘stripe’ Gbb pool versus other pools
of Gbb? Our data shows that Gbb expressed outside the stripe
can contribute to patterning and we know that overexpression of
Gbb specifically in the posterior compartment of the wing disc
(en-Gal4 >UASgbb) leads to ectopic pMad throughout the wing
disc (E. Bangi and L. Soares, unpublished observations),
indicating that Gbb–Gbb homodimers expressed in these cells
is capable of eliciting a signal and at a considerable distance
from where it is expressed. Factors that influence processing,
191E. Bangi, K. Wharton / Developmental Biology 295 (2006) 178–193dimerization, secretion, signaling activity, and/or stability of
anteriorly versus posteriorly expressed gbb could account for
the differential requirement or apparent difference in potency of
Gbb ligand coming from these two different sources. The
molecular nature of such factors and their presence in the wing
imaginal disc is not yet known.
The presence multiple BMP ligands and the importance of
both family members in patterning vertebrates and invertebrates
tissues is a recurring theme (Francis et al., 1994; Dick et al.,
2000; Nguyen et al., 2000; Schmid et al., 2000; Ahn et al.,
2001). Given the potential for BMPs to act as morphogens, it is
of particular interest to determine if the contribution of multiple
BMPs to a single activity gradient is common and if so, what
each ligand's specific roles are in the establishment of such
activity gradients in vivo. The results presented here reveal an
interesting example whereby two BMPs cooperate to form an
activity gradient but their contributions are qualitatively
different. Gbb and Dpp lead to the activation of the same
downstream effector (i.e., Mad) but their effective functional
ranges from the same set of cells are different. In the zebrafish
embryo, two Nodal-related ligands, Squint and Cyclops, have
also been shown to exhibit different signaling ranges although
the underlying mechanism is not yet known (Chen and Schier,
2001). Interestingly, the processing and glycosylation of mouse
Nodal was recently shown to influence its range (Le Good et al.,
2005) but whether the range of Cyclops and Squint are affected
by such mechanisms is not yet clear. The generation of an
activity gradient by multiple ligands does not always necessitate
distinctly different signaling ranges however. Recently, the
BMP step gradient in the Drosophila embryo has been shown to
arise from the modulation of Dpp and Scw by an inverse
gradient of extracellular antagonists (Sog-Tsg), ensuring an
accumulation of both Dpp and Scw in the dorsal most cells and
thus, giving rise to the highest level of signaling, or peak of the
gradient, (see (Ashe, 2005; Shimmi et al., 2005; Wang and
Ferguson, 2005). Identifying the molecular basis for ligand
range differences in the Drosophila wing disc (Gbb and Dpp)
and zebrafish embryos (Squint and Cyclops) will aid our
understanding of whether conserved molecular mechanisms
exist and whether they can be extended to other ligands that
exhibit a differential range in other developmental contexts.
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